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ABSTRACT 


We have detecced ^aisslon from che v ■ l-*-0 S(l) quadrupole transition 
of H 2 toward the cluster of Intense Infrared and H 2 O maser sources In WSl 
(North) . The apparent luminosity of this line in W51 (North) is only about 
4^ of the luminosity of the same line toward the Klelnmann-Low infrared cluster 
in Orion; however, additional line-of-sight extinction and spatial extent 
of the source may account for the lower apparent power in WSl. Genzel 
et al . (1981) have suggested that the infrared and H 2 O properties of 
these clusters are quite similar. We discuss the implications of the H 2 
emission for mass loss in the WSl region and briefly consider some recently 
proposed models of radiation -driven mass outflow from pre— main sequence 
stars. 

Subject headings : interstellar: molecules - infrared; spectra - 


nebulae: individual - shock waves 


I. INTRODUCTION 


The region W51 (North) contains a cluster of Infrared, radio continuum, 
and H 2 O maser sources embedded in a molecular cloud at a distance of 7 kpc. 
Genzel et al. (1981 ) have emphasized the similarity between the infrared and 
radio properties of this cluster and the Orion Nebula and associated Klelnmann* 
Low infrared cluster, which is often considered to be the prototype of a 
region of star formation. An unusual property of Orion is the Intense emission 
from molecular hydrogen first observed by Gautier et al. (1976) and subsequently 
by a variety of other observers (see, e.g., Beckwith 1981 for a review). 

Here we report the detection of H 2 emission from W51 (North) and briefly 
compare its properties with the emission In Orion. 


II. OBSERVATIONS 

The observations were made with the 3-meter NASA Infrared Telescope Facility 
(IRTF) at Mauna Kea, Hawaii, together with the Cornell University grating spectro- 
meter described by Beckwith et al. (1982). A CaF lens in front of the entrance 

2 

window of the spectrometer converted the f/35 focal ratio of the IRTF to 
the f/16 focal ratio of the spectrometer optics. For these observations, 
the spectral resolution was 0.0025 um at the 2.122 pm wavelenzth of the 
V ■ l-*-0 S(l) line, and the beam size was 5" * 6" (ax 5). The telescope 
tracking was generallv good to 2" during the vio minutes required to complete 
a wavelength scan across the line. Sky subtraction was accomplished 
by chopping 38" at 10 Hz in the east-west direction. The noise 

equivalent flux density was 85 mJy Hz"**. 

Measurements of the standard stars J Cyg and v Peg, whose intrinsic 
2.1 -m flux densities were assumed to be 20.1 and 41.3 Jy respectively. 
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ver« used to set the flux density scale. Hiere was no evidence for extinc- 
tion due to the Earth's etaosphere In the spectre of the standard stars and 
no corrections have been applied to the data. Observations of the 
V ■ l-»>0 S(l) line In NGC 7027 Isimedlately following the WSl observations 
established both the wavelength scale and spectral resolution. Lines from 
an argon laotp measured at various times during the observing run verified 
the wavelength scale. We estimate the uncertainty 

In the flux density s^ale ‘ j less than lOZ and the uncertainty in the 
wavelength scale to be of order 0.0003 urn. 

Figure 1 displays the measurements toward WSl IRS2 EAST 8 um (nota- 
tion of Genzel et al. . 1981 ). The Instmmental profile was fit to the data 
points by varying the amplitude and central wavelength of the profile to 
minimize the Chi-square of the residuals as described by Seclcwlth et al. 

(1982) ; the width of the profile was fixed at the value found from the obser- 
vations of NGC 7027. The line strength Is 30±4mJy. The underlying continuum 
flux density is 150 mJy in reasonable agreement with the value given for 
ISS2 EAST in Figure 3 of Genzel et al. (1981 ) . 

One or two scans each were made at positions offset by ±6" in both right 
ascension emd declination. These data are Insufficient to limit the total 
extent of the S(l) emission with any certainty, although we would have 
detected any emission more incense chan that seen at the central position. 

The continuum flux 6" west of the central position Is 100 mJy In agreemant 

I with a contribution from Che HII region IES2 WEST seen by Genzel et al . 

I (1981 ) . A more complete characterization of Che emission region was 

I 

I precluded by limited observing time. 
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III. LDMIMOSITY AND EXCITATION 


Th« apparent S(l) line flux from W51 Is 6.2 * 10“^‘*erg s”^cm"^. If 
tha dlatanca to WSl la 7 kpc (Ganzel at al. 1981 > , than tha luminosity 
in tha lina is 'vO.l L«. This valua is a lowar limit, sines thara may ba 
axtinction at tha line wavelength (2.12 ym) , and the angular extant of tha 
lina amission ragion may ba larger than the 5" beam. Estimates of the ex- 
tinction toward IRS2 VEST and IRS2 EAST are very uncertain, but 2 to 3 
magnitude at 2 ym Is possible within W51 Itself. Since the line-of-sight 
distance to W51 is 7 kpc through the plane of the galaxy, there could easily 
be an additional 2 to 3 magnitudes of Interstellar extinction. For com- 
parison, there are approximately 3 magnitudet: of extinction at 2.2 ym 
along the 10 kpc path to the galactic center (Becklln et al. 1978) . If 
5 magnitudes of tct^l extinction Is appropriate for the H 2 emission, then 
Che S(l) line luminosity Is at least 10 Lg. Note that the extinction corrected 
luminosity of the S(l) line in Orion is of order 20 (Beckwith et al . 1982). 

We cannee estimate Che size of the emitting region with any certainty 
as dlscusst'.d above, but we note Chat if Orion were at the distance of WSl, 

Che H 2 smlssion region mapped by Beckwith et al. (1978) would be slightly 
smaller than 5" in extent. The 5” spatial resolution also covers the total 
extent of the high-velocity water masers measured by Genzel et al. (1981 ). 
There are, however, H 2 emission regions such as DR21 and NGC 7538 which 
would be much more extended chan 5" at the distance of WSl (Fischer et al. 
I960; Fischer, Rlghlnl-Cohen and Simon 1980). If Che H 2 in WSl is as 
extended as Che largest-known H 2 emission region, it would increase the 
S(l) luminosity by more chan an order of magnitude. Considering these 
uncertainties, the luminosity given here must be regarded only as a lower 
limit. If Che extinction is large or the source is somewhat more extended 
chan 5", the H 2 luminosity could be comparable to that in Orion. 
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le Is Impossible to determine the excitation temperature of the H 2 from 
our data, since only one line has been measured. Both radiative pumping in 
the ultraviolet Lyman and Werner bands (Black and Dalgamo, 1976) and col- 
lisional excitation in a hot gas have been suggested for the excitation cf 
interstellar molecular hydrogen. The intensity of the v ■> 2-^1 S(l) line 
provides a discriminant between these two cases (e.g., Beckwith et al. . 197R) , 
but the line would be difficult to measure in W51 with available instruments, 
even in the most optimistic case. No emission source is known to be 
radiatively pumped, whereas, several (most notably Orion) are probably 
collisionally excited. We will assume in what follows that the is 
colllsionally excited in a hot gas, most likely behind a strong molecular 
shock (Hollenbach and McKee 1979) . 

IV. DIsgJSSION 

The apparent luminosity of the S(l) line in W51 is only 0.1 L^, 

This line has an apparent luminosity of 2.5 L^ in Orion. On the 
other hand, the total radiative luminosity of W31 is of order a few times 
10*’ Lg (Genzel et al. . 1981 ) approximately ten times the 2 x 10^ L, of 
Orion (Werner et al. . 1976). Genzel et al. have emphasized the similar 
Infrared properties of the two sources. If the molecular hydrogen emission 
is indicative of the amount of power liberated through mass motions within 
a source, then W51 may have a very small amount of mass 

motion for its luminosity compared to Orion. 

The relative mass action cannot be established with certainty until the relat 
amounts of 2 urn extinction along the lines of sight to the S(l) emitting 
regions in V51 and in Orion, and the full spatial extent of the S(l) emitting 
region in W51 are measured. Unless radiation pressure drives the mass motions, 
as in the models discussed below, there will not necessarily be a direct cor- 
relation between bolometric luminosity (L) and S(l) luminosity CL,,). That 

fl 


-7- 


ch«r« exists St least en Indirect correlation seems likely because the maxi- 
mum ratio that has been observed In pre-main sequence objects appears to 
be roughly constant over a range of four orders of magnitude in L (see the 
Table in Zuckerman, 1981). Nonetheleas, In the following discussion we 
assume that V51 and Orion do differ significantly In the sense that L^/L Is 
much smaller in W51. Most of the arguments presented are germane even If 
/.he H 2 lumlnoalC 7 In WSl la much greater than derived above. 

The different ratio of the to total luminosity 
might result from three posaibllltlea: the source of mass motions is much dif- 
ferent In WSl than in Orion; the source of mass motions in W51 Is similar to 
that in Orion but cornea from a low luminosity obj act ; or the mass motions are tran- 
sient phenomena, and we are observing a relatively quiescent phase in WSl. 

As regards the first possibility, the H 2 emission in WSl could 

be produced by simple expansion of the HII region associated 

with IRS2 or by direct radiation pressure on dust grains iround the most 

luminous object. Using the radio measurenwnts of Scott (1978) for the size 

and electron density of IRS2 WEST , assuslng a molecular density of 2^10** cm ^ , 

which Is the same as the peak electron density, and speed of 10 km s**^ for 

the shockwave, and using the calculations of Rwan (1977), we expect an 

'' -• -2 

luminosity of 0.1 L 0 In a S" beam. A pressure 6><10 dyne cm will drive 
this shock wave into the surrounding medium. This pressure is available 
from single absorption of photons around a 10*L^ object. The pressure, 
L/(4rr^c), is equal to 2^10~iiyne cm ^ at a distance of 2.5)<10 cm ("2V5) . 

Either of these processes, both of which fall by large factors In Orion, may 
therefore plouslbly account for the emission from W51. 

If, on the other hand, the esdsslon in W51 is caused by a process 
similar to the Orion emission, then It is relatively weak compared with the 


total lualaoaity of tha raglon. A ralatlvaly Ljw lumiaotity objact may driva 
tha outflow la V51, or tha maaa motloaa may ba tlma-varlabla and at a rala- 
tlvaly qulat phaaa. Attanpts to match tha obsarvad slopa of tha high- 
velocity CO amlaalon latanalty la KL varsua radial velocity with stationary 
outflow models have been unsuccessful (ilulper at al. 1981; Phillips and 

Beckman 1980) . A modal for transiant , radlatlvaly-drlven mass loss arounc' 
much lowar luminosity scars has baan proposed recently by Belchman and 

Harris (1981). Following the suggescleas of Herbig (1977) and Larson (198C) 
chat I Taurl scars of lumlaositlas '^10 recurrently flare to luolnoslclas 
''^10^ L (the FU Orl phenomenon) Belchman and Harris suggested chat such 
flares can radiaclvcly drive very large mass motions (see also Dopica 1973). 
Thus, in Orion or W51, the Infrared sources may now be in a quiescent, low- 
luminosity phase. The hign-veloclcy CO, shocked-molccular hydrogen, 

high-velocity H.,0 masers, and Herbig-Haro objects chat are sometimes seen 
in the vicinity of tnese sources could have been accelerated during a 
preceding phase of high stellar luminosity. This model is appealing In 
many respects, but there are several arguments that must be countered if 
it is to be considered viable. 

Of the three best known FC Orionis-cype objects V1057 Cyg, V13L5 Cyg and 
FTJ Ori, none is associated with any signpoaru of strong stallar winds, hence- 
forth called HV sources. Sines the time ber^een flares, characteristically 
ly - 11* years, is also the lifetime that c.haract trices the HV sources, one 
expects to see some signposts. Furthermore, flares to >10' Lj are cecessary 
in this model to explain 3V sources like Orion and there is no observa- 
tional evidance for individual pre-main sequence scars with such large lumi- 
nosities. [The very luminous, massive scars postulated to excite i Carina 
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and 30 Doradus appaar to ba dlffaranc corta of objacta (Andralaac at al. 

1978, Caalnalll at al . 1980)]. Finally, alnca tha undar lying cauaa of tha 

racurrlng flaraa la uncartaln (Doplca 1978; Barblg 1977, Laraon 1980), 

tha undarlylng sourca of anargy tor tha HV pha nom a n on Buat atlU ba axplalnad. 

Phllllpa and Backaan (1980) dlacuaa a modal to axplaln tha largaat 
lunlnoalty HV sourcaa auch aa Orion KL. Solomon, Huguanla, and Scovllla 
(1981) also conaldar thla an attractlva modal for Orion. Aa waa originally 
polntad out by Faulknar (1970) In tha contazt of radlatlva accalaratlon of 
planatary nabulaa, via alactron scattaring. If radiation is multiply scattarad or 
absorbad and ra-radlatad, than momantum 

ratas aubstantlally In axcasa of L/c may ba transfarrad from tha radiation 
field to the anvalopa. Phillips and Backman (1980) aaauma that dust can pro- 
vide an appropriate scattering madlum and derive a terminal outflow velocity 
of 75 ka a'^naar an object of 1.5x10^ L . This velocity is similar to that 

9 

observed by Nadeau and Caballe (1979) for tha emission and by Zuckaman, 
Kulpar, and Rodrlguez-Rulpar (1976) for tha J • 1-K) CO amission in KL. This 
modal Is attractive for Its simplicity, but has a variety of potential 
llnltatlona . 

A difficulty with radiative models is that tha rata of momentum input 
to the wind (Hv) is observed to ba greater than the rate of momentum supplied 
from photons (L/c) by a factor of order 100 (Zuckerman 1981). To produce 
an overpressure ratio (defined by Zuckerman as Mvc/L) of order 100, radiation 
must be scattered or absorbed and re-radiated of order 100 times (Salpeter 

so the dust albedo must be 

almost 1, or tha dust optical depth for absorption must ba of order 1 at 
tha photon wavelength typical of the ona-hundredth absorption and ra-radlation. 
Phillips and Beckman assume dust teaiperacuras near 1000 R, so tha optical 
depth at a few microns must ba of order 100 tc trap tha radiation sufficiently. 
A normal reddening curve (e.g., Backlin at al. 1978) implies a visual optical 
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dapch. of ordtr 1000 vfvlch ia lat%% la coop«rl«oa to Mclaactt of ch« vljual 
•xtlncclm* to .ch« kaowa lafrartd tourcts in ch« KL cluactr (DownM ot al. 
1981; Aicksa «c tl. 1981). For thn hlgh->lualnoslC 7 87 sourcoc, this arguBMac 
1« wank b«caus« objocts vltb. tueh. largo a.\clnctlona would probably not hart 
baaa daeaccad by axistlng aurwayt, and tha CO, S^, or R 2 O aalaalon which char- 
actarlaat anaa outflov la uaually coo axcandad apaclally to daflaa cha praciaa 
cantar of axpanalon. 

Tha acara T Tauri and 882918 praaanc ouch scrongar caaaa againac 
such larga optical dapcha- Ac a diacaaca of 160 pc, cha total liasinoaicy 
of T Tauri is 23 L (Harway at al. 1579) . Bartout (1980) darivaa a color 
axcaaa B-7 of 0,9 sagnicudaa baaad on data from 1400A co 11 ca, iaplylag a 
total visual optical dapch, which Includaa both clrcuaacallar and Intaz* 
scallax axtinctioc, of ordar 3. Tha obaarvad visual magnituda of cha scar 
(Cohan 1973) rtlativa co its total luaiaoalcy Is conaisttnt with this opti- 
cal dapth sad with tha shallow 10 ua silicaca absorption faacuri (Siaon 
end Dyck 1977) laplyiag a vary saall optical dapth ia cha infrarad concinuua. 
Yac cha 2 ua aaission obsarvad by Bacicsrich, Gaclay, aad Parason (1978) 
suggests an ovarpraasu-a ratio of order 20. HH29IR praaants an even aora 
astraaa discrapaacy. Tha silicaca faacura and cha infrarad colors suggaac 
1 aodasc visual optical dapth, probably lass than 10 (Baichnan aad aarris 
1981), whereas, cha CO nodal of Saall, Loran, and Plaaback (1980) and tha 
total lufflinosity of '-30 from Baichnan and Barris iaply an ovarprassura 
ratio of ordar 1000. In contrast co t.ha pra-naiaaaouanca scars, post-naia- 
saouance infrared scars with larga nasa-loss races such as IBC-10:i6, Clll 
2638, and r.i« CH/I3L stars obsarvad by Vamar at al . (1980) hava visual 
optical dapehs graacar t.haa li .Cohan 1973) anc iaap 10 ua silic.-ta faacuras 
(Evans and Backwich 19'6), but tha ovarprassura ratios ara of ordar 1 
(luckanan 1981) as axpactad for staple radiacivaly driven aass loss. 


More osoclc aod«la for eha aMs-loos phonaoona aro alraady auggaatad by 
Cha anlaocroplaa obaarrad la aavaral of tha HV aoure^a. Saall, Loran, aod 
riaabarb C19M) proaaat cha claatMt arldaaea for ehaaa flow* throng ebalr 
CO obaarvatlona la L1551. Tha aaaa loaa appaars to occur la tvo oppoaltaly 
dlractad Jaea iHiich cha auchora auggoat ara coaflaad by aa accracloa dlak 
arouad HB29It. Rodrlguas, Bo, aad Maraa (1980) ahov a aladlar phaaoaa no a 
occura la Caph k bo': with cha luaiaoalcy graacar by a factor of 1000. Evea 
though WSl could power Ita aaiaaioa by auch laaa axocle aaaaa, wa baliava 
1C la probably alallar Co ehaaa ochar aourcaa of aaaa loaa. Thla conclualon 
la baaad aora on cha aladlariciaa of cha Infrarad and aolacular prc^iartlaa 
Chan cha H 2 aaiaaioa. 

Finally, tha aaaa loaa phaaMwna In Cha HV sourcaa dlacuaaad above 
la characcarlzad by llfaclaaa of order 10^ yaara. Thla Claa la acch ahorcar 
Chan aichar cha axpacced lifaclae of aubgroupa within clouda 'vlO^ yaara 
(Sargent 1979) or cha llfatlaa of the acara. Tha aany axanplaa of ehaaa HV 
aourcaa auggaac chac aaaa loaa racura aavaral tiaaa par aubgroup. Ic la 
charafora poaalbla chac WSl rapraaMta a ataga ac which cha naae-loaa rata 
la noc at Ita paak. 
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nCURE CAPTION 


Flgur« 1 - The OMASurraancs of ch« v - 1-H3 S(l) lln« of oolccular hydrogan 
toward W51 (North) . Tho solid lina is a laast squaras fit of tha in- 
stmmantal proflla function to tha data as dascrlbad In tha test. 
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